Type 1A diabetes (T1D) is an autoimmune disorder the risk of which is increased by specific HLA DR͞DQ alleles [e.g., DRB1*03-DQB1*0201 (DR3) or DRB1*04-DQB1*0302 (DR4)]. The genotype associated with the highest risk for T1D is the DR3͞4-DQ8 (DQ8 is DQA1*0301, DQB1*0302) heterozygous genotype. We determined HLA-DR and -DQ genotypes at birth and analyzed DR3͞4-DQ8 siblings of patients with T1D for identical-by-descent HLA haplotype sharing (the number of haplotypes inherited in common between siblings). The children were clinically followed with prospective measurement of anti-islet autoimmunity and for progression to T1D. Risk for islet autoimmunity dramatically increased in DR3͞4-DQ8 siblings who shared both HLA haplotypes with their diabetic proband sibling (63% by age 7, and 85% by age 15) compared with siblings who did not share both HLA haplotypes with their diabetic proband sibling (20% by age 15, P < 0.01). 55% sharing both HLA haplotypes developed diabetes by age 12 versus 5% sharing zero or one haplotype (P ‫؍‬ 0.03). Despite sharing both HLA haplotypes with their proband, siblings without the HLA DR3͞4-DQ8 genotype had only a 25% risk for T1D by age 12. The risk for T1D in the DR3͞4-DQ8 siblings sharing both HLA haplotypes with their proband is remarkable for a complex genetic disorder and provides evidence that T1D is inherited with HLA-DR͞DQ alleles and additional MHC-linked genes both determining major risk. A subset of siblings at extremely high risk for T1D can now be identified at birth for trials to prevent islet autoimmunity.
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haplotype ͉ human leukocyte antigen ͉ major histocompatibility complex A large body of evidence indicates that type 1A diabetes (T1D) is an autoimmune disorder with important genetic determinants, and it has become one of the most intensively studied complex genetic disorders (1-3). The major histocompatibility complex (MHC) is reported to account for Ϸ40% of the familial aggregation of T1D (4, 5) . The HLA-DR and -DQ genes (linked HLA genes in the class II region of the MHC) are well established as being associated with risk for T1D. Although studies have implicated loci other than the HLA-DR and -DQ loci (i.e., HLA-DPB1, HLA-A, HLA-B, and various non-HLA genes) with diabetes risk and earlier age of onset, no loci with contribution to risk equivalent to that of the HLA-DR and -DQ alleles have been identified (6) (7) (8) (9) (10) .
The insulin, PTPN22, and CTLA4 genes are non-HLA diabetes-susceptibility loci with allelic odds ratios of 1.9, 1.7, and 1.2, respectively (11) (12) (13) (14) . However, even in combination with HLA alleles, none of these identified loci confer a risk Ͼ25% in prospective studies. Nevertheless, a remaining fundamental question is whether there are genetic polymorphisms other than the HLA-DR and -DQ alleles that confer major risk for T1D. If such loci existed, they could be linked to the MHC and would thus be ''hidden'' in most linkage studies by the dramatic influence of the HLA-DR and -DQ alleles.
Haplotypes are defined by sets of closely linked genetic variants making chromosomal segments. In a family, the inheritance of these chromosomal segments can be readily defined, and, in particular, the number of haplotypes identical by descent (shared) between siblings (none, one, or two) determined. Well over a decade ago, Glenys Thomson and others pioneered the concept that affected sibling pairs are more likely to share both HLA haplotypes than unaffected sibling pairs (15) (16) (17) (18) (19) . It was shown that children sharing two haplotypes with an affected sibling have a risk of 16%, versus 9% for those sharing one, and Ͻ1% for those sharing none (20) . This excess sharing of haplotypes in affected sibling pairs could ref lect the inf luence of alleles at the DRB1 and DQB1 loci and, possibly, other MHC loci (21, 22) . In the nonobese diabetic mouse model, class I alleles in addition to class II alleles contribute to diabetes (23, 24) .
The Diabetes Autoimmunity Study of the Young (DAISY) enrolled its first newborn subjects in 1993. Since then, cord blood from more than 33,000 newborns has been screened for HLA-DR and -DQ alleles associated with diabetes risk and protection (25) . Those at increased risk, including 1,058 unaffected young relatives of patients with T1D, were enrolled for follow-up detection of anti-islet autoantibodies and diabetes. DAISY and other studies (26) (27) (28) have found that risk for T1D in early childhood is higher in siblings than in offspring of individuals with T1D, despite all having the same high-risk HLA-DR and -DQ alleles.
We hypothesized that siblings of a child with diabetes have a higher diabetes risk compared with offspring of a parent with diabetes, even though siblings and offspring both share approximately half of their genome with their diabetic proband, because siblings can share both HLA haplotypes identical to their proband, whereas offspring inherit only one haplotype from their single diabetic parent. Specifically, the sharing of multiple genetic polymorphisms of DR, DQ genes and non-DR, DQ genes linked to the MHC region on both copies of chromosome 6 could cause the increased sibling risk. We determined that we could characterize the amount of risk contributed by non-DR, DQ loci by analyzing the prospective risk associated with HLA haplotype sharing in siblings that all had the same high-risk DR3͞4-DQ8 (DQ8 is DQA1*0301, DQB1*0302) genotype. We analyzed genotypes of sibling families (proband, sibling, and parents) at the HLA class II region and, if needed, at additional polymorphisms within the MHC to determine the number of HLA haplotypes shared between siblings and their diabetic probands.
Here, we report a remarkable high risk for DR3͞4-DQ8 children who share both HLA haplotypes identical by descent with their affected sibling. These results are consistent with the effect of a gene(s) that confers major risk for T1D that is linked to, but distinct from, the HLA-DR and -DQ alleles.
Results
We studied a group of children with the highest risk HLA genotype, DR3͞4-DQ8 heterozygotes. By life table analysis, DR3͞4-DQ8 siblings in the study had a 41% (Ϯ8% SEM) overall risk for developing islet autoantibodies by age 7, compared with a 16% (Ϯ6%) risk in DR3͞4-DQ8 offspring (P ϭ 0.01) and a 5% (Ϯ1.6%) risk in DR3͞4-DQ8 children from the general population. Fig. 1 illustrates three representative DAISY families where a DAISY sibling was prospectively monitored for islet autoimmunity and development of diabetes. All three DAISY siblings have the DR3͞4-DQ8 genotype. The DAISY sibling in family A shares both haplotypes with the sibling proband, with the proband defined as the first child in the family diagnosed with T1D. The DAISY sibling in family B shares one haplotype with the sibling proband, and the DAISY sibling in family C does not share any haplotypes with the sibling proband. DAISY siblings being followed in this study of 48 families always have the DR3͞4-DQ8 alleles, but the diabetic proband sibling does not always have the DR3, DQ2 or DR4, DQ8 alleles. Even if the diabetic proband has DR3, DQ2 and DR4, DQ8 alleles, they may be inherited from different parental haplotypes than those inherited by the DR3͞4-DQ8 sibling.
The majority of the DR3͞4-DQ8 DAISY siblings shared both HLA haplotypes with the proband (n ϭ 29), 17 siblings shared one haplotype, one sibling shared no haplotypes, and haplotype sharing was either zero or one for 1 sibling (family was not further informative with the markers analyzed). We performed survival-curve analysis to compare progression to islet autoantibody positivity (Fig. 1, A) and diabetes ( Fig. 1, B ) in DR3͞4-DQ8 DAISY siblings, stratified by the number of haplotypes they shared with the sibling proband (Fig. 2) . The survival curves in Fig. 2 A show that DR3͞4-DQ8 siblings sharing both HLA haplotypes with their diabetic proband sibling have a 63% (Ϯ11% SEM) risk of developing persistent anti-islet autoantibodies by age 7 and an 85% (Ϯ12%) risk by age 15, versus a 20% (Ϯ11%) risk by age 15 for those not sharing both haplotypes. To date, 55% (16 of 29) sharing both haplotypes versus 16% (3 of 19) sharing zero or one haplotype are autoantibody positive (P ϭ 0.008). DR3͞4-DQ8 siblings sharing both HLA haplotypes with their diabetic proband sibling have a 55% (Ϯ13%) risk for diabetes (Fig. 2B ) by age 12, compared with a 7% (Ϯ7%) risk for those not sharing both haplotypes (Fig. 2B ). To date, 34% (10 of 29) versus 5% (1 of 19) have type 1 diabetes (P ϭ 0.03). The eight remaining nondiabetic DR3͞4-DQ8 DAISY siblings that are persistently positive for anti-islet autoantibodies are at high risk for diabetes given their high-risk HLA alleles and their expression of multiple anti-islet autoantibodies, with two or more anti-islet autoantibodies expressed in five of these siblings (Table 1) .
For DAISY siblings sharing both haplotypes with their proband but lacking the DR3͞4-DQ8 genotype (n ϭ 27), risk by survival-curve analysis is only 23% for anti-islet autoantibodies at age 15 and 25% for diabetes at age 12. These results indicate that high-risk DR-DQ alleles (e.g., DR3-DQ2 and DR4-DQ8) and HLA haplotype sharing with the proband sibling are both essential for extremely high diabetes risk.
We summarize the disease status of each DAISY DR3͞4-DQ8 sibling and list the DRB1 and DQB1 alleles (including DRB1*04 subtypes), haplotypes shared with probands, HLA-DPB1, and HLA-A alleles in Table 1 . When there was only one haplotype inherited in common by the siblings, the DR3-DQ2 haplotype was shared in 41% of the siblings (n ϭ 7) and the DR4-DQ8 haplotype was shared in 59% (n ϭ 10) ( Table 1 , rightmost column). The DRB1*04 subtypes did not differ significantly between the groups stratified by haplotype sharing. Because specific alleles at the HLA-DPB1 locus have an association with diabetes risk (29, 30) , we analyzed genotypes of the DR3͞4-DQ8 siblings at the DPB1 locus. The high-risk DPB1 alleles were not significantly associated with diabetic autoimmunity in this group (n ϭ 47; Table 2 ). Similarly, the distribution of the HLA-A alleles (HLA-A*0201 and HLA-A*24 alleles) did not significantly differ between groups (6). Thus, MHC genes previously reported as being associated with T1D do not explain the magnitude of increased risk observed with HLA haplotype sharing.
Higher maternal age at delivery, male gender, and younger proband sibling age at diagnosis are risk factors that were associated with sibling recurrence risk for diabetes in a study of Ͼ10,000 sibling pairs in the Finnish population (31) . We performed Cox proportional hazards regression analysis on the DR3͞4-DQ8 sibling data to evaluate risk for islet autoimmunity and diabetes, using HLA haplotype sharing, maternal age at delivery, gender, and age of proband at diagnosis as potential explanatory variables. Only HLA haplotype sharing was associated with risk in the DR3͞4-DQ8 siblings using the likelihood ratio statistic (n ϭ 48, P ϭ 0.03 for islet autoimmunity, P ϭ 0.04 for diabetes) and none of the other variables contributed significantly. However, the results of this analysis of the DAISY siblings do not refute the findings of the Finnish study, because the Finnish study (of Ͼ10,000 siblings pairs) had more power to detect factors associated with minor risk than our more selective study of DAISY siblings with the DR3͞4-DQ8 genotype (n ϭ 48).
The DR3͞4-DQ8 siblings were also genotyped at HLA-B (n ϭ 47) to identify alleles associated with extended haplotypes (e.g., HLA-B*08 and -B*15). The presence of alleles associated with the HLA-DR3-B8-A1 extended haplotype in DR3͞4-DQ8 siblings that shared both HLA haplotypes with their proband sibling did not significantly add to their risk (n ϭ 28, 31% with alleles B8 and A1 affected versus 25% unaffected, P ϭ 1). In a similar way, the presence of the HLA B15 allele was not significantly increased in affected siblings that shared both haplotypes (n ϭ 28, 13% affected versus 33% unaffected, P ϭ 0.36).
We analyzed the HphI insulin gene polymorphism to assess its effect on risk in the DR3͞4-DQ8 siblings that shared both haplotypes. Of the DR3͞4-DQ8 siblings with the highest-risk insulin genotype (AA) who shared both HLA haplotypes with the proband, 47% (Ϯ14%) progressed to autoantibody positivity by age 2.5 ( Fig. 3A) and 56% (Ϯ17%) to diabetes by age 7.5 (Fig.  3B) . By age 5, a significantly higher number of DR3͞4-DQ8 siblings with the high-risk insulin genotype who shared both HLA haplotypes with the proband developed T1D versus siblings with the lower-risk insulin genotypes, excluding nondiabetic siblings younger than age 5 (5 of 11 versus 0 of 12, P ϭ 0.01).
Thus, the high-risk insulin genotype may be associated with a lower age-of-onset of T1D in DR3͞4-DQ8 children sharing both haplotypes with a diabetic sibling. We also analyzed risk associated with the PTPN22 gene, but the high-risk allele, T, did not significantly influence risk for anti-islet autoantibody development in the DAISY siblings studied [CT or TT genotype in 16% of affected (n ϭ 19) and 21% of unaffected (n ϭ 28) siblings].
We sought a different population of DR3͞4 siblings for initial confirmation of the added importance of HLA haplotype sharing to the DR3-DQ2͞DR4-DQ8 genotype. The Human Biological Data Interchange database has families selected a priori for multiple diabetic siblings; however, unlike the DAISY siblings, the Human Biological Data Interchange siblings were not prospectively followed to diabetes. The proband was defined as the first sibling in the family to develop diabetes. We found that 83% (35 of 42) of the DR3͞4-DQ8 siblings sharing both haplotypes by descent with their diabetic proband were diabetic versus 58% (18 of 31) not sharing both haplotypes with their diabetic proband (n ϭ 73, P ϭ 0.03).
Discussion
We report the discovery of a genetic risk for type T1D three to four times higher than previously reported (32) . A feature of this study is the simple combined analysis of the HLA-DR and -DQ highest-risk alleles with analysis of HLA haplotype sharing. The DAISY study has followed children prospectively from birth for development of anti-islet autoantibodies and diabetes with HLA typing of Ͼ33,000 newborns to aid in risk stratification (26) (27) (28) . Among those HLA typed, only 29 siblings have the DR3͞4-DQ8 alleles and share both HLA haplotypes identical by descent with their diabetic proband sibling. Nevertheless, Ϸ20% of the children currently diagnosed with T1D from the DAISY population are in this tiny group of 29 children. By survival-curve analysis, this group has a 63% risk of progressing to persistent anti-islet autoimmunity by age 7 and a 55% risk of overt diabetes by age 12. The eventual risk for anti-islet autoimmunity for this subgroup of siblings with further follow up is unknown but will almost certainly exceed 80% (Fig. 2) . This subgroup not only has an enormous risk for T1D but also comprises a significant percentage of the cases of early childhood anti-islet autoimmunity identified in all participants of the large-scale DAISY study. Our preliminary results indicate that an even more rapid onset of islet autoimmunity may occur in DR3͞4-DQ8 siblings that have the high-risk genotype for the insulin gene in addition to sharing both HLA haplotypes with their diabetic proband.
This study also illuminates the most probable explanation for the ''relative paradox'' of siblings having higher diabetes risk compared with offspring and the general population, despite all having matched high-risk DR-DQ genotypes. One possible explanation for the increased risk of siblings has been that ''family based'' shared environmental factors are a major contributor to disease. However, even though environmental factors may be crucial, if they are common (for instance, all individuals exposed to a triggering virus or dietary factor), they would not significantly contribute to familial aggregation of disease. Another proposed explanation has been that siblings have increased risk due to the polygenic inheritance of T1D, with multiple loci outside of the MHC contributing to risk. However, neither of these two initial explanations accounts for the dramatic difference in risk for DAISY DR3͞4-DQ8 siblings sharing both HLA haplotypes versus those not sharing both haplotypes with their affected probands and confirmed by our independent analysis of DR3͞4-DQ8 Human Biological Data Interchange siblings. Our results provide strong evidence to support the hypothesis that siblings, unlike offspring, can inherit both HLA haplotypes identical by descent with their sibling proband, implicating MHC-linked non-DR, DQ genes plus high-risk DR and DQ alleles. All 3  8  0401  2  3  2  Both  0101͞0401  03͞32  471-0  Yes  All 3  8  0401  2  3  2  Both  0401͞0201  01͞02  667-0  Yes  All 3  8  0402  2  3  2  Both  0201͞0401  24͞66  60-0  Yes  All 3  8  0404  2  3  2  Both  0201͞0401  01͞02  539-0  Yes  All 3  8  0402  2  3  2  Both  0401͞0501  02͞03  533-0  Yes  IAA, IA-2  8  0401  2  3  2  Both  0101͞0301  02͞03  132-0  Yes  IAA, GAD  8  0401  2  3  2  Both  0301͞1601  01͞02  330-0  Yes  IAA, GAD  8  0401  2  3  2  Both  0301͞1601  01͞02  45-0  Yes  IAA, IA-2  8  0401  2  3  2  Both  0201͞0401  01͞02  275-0  Yes  IAA  8  0405  2  3  2  Both  0101͞0201  29͞01 or No  0  8  0401  2  3  2  Both  0101͞0201  02͞24  764-0  No  0  8  0401  2  3  2  Both  0201͞0401  01/ 03 or 11  811-0  No  0  8  0401  2  3  2  Both  0202͞0401  02͞30  815-0  No  0  8  0401  2  3  2  Both  0101͞0401  01͞11  810-0  No  0  8  0404  2  3  2  Both  0202͞0402  02͞30  858-0  No  0  8  0404  2  3  2  Both  958-0  No  0  8  0404  2  3  2  Both  0301͞0401  11͞23  1020-0  No  0  8  0404  2  3  2  Both  0101͞2001  03͞26  352-0  No  0  8  0401  2  3  1  DQ2  0101͞0101  02͞25  938-0  No  0  8  0401  2  3  1  DQ2  0201͞0401  02͞02  922-0  No  0  8  0401  2  3  1  DQ2  0301͞0402  01͞29  457-0  No  0  8  0401  2  3  1  DQ8  0401͞0901  02͞03  731-0  No  0  8  0401  2  3  1  DQ8  0201͞0201  02͞29  736-0  No  0  8  0401  2  3  1  DQ8  0201͞0401  03͞31  800-0  No  0  8  0401  2  3  1  DQ8  0401͞0401  01͞02  580-0  No  0  8  0401  2  3  1  DQ8  0401͞0401  02͞25  255-0  No  0  8  0404  2  3  1  DQ8  0301͞0401  01͞24  925-0  No  0  8  0405  2  3  1  DQ8  0401͞0401  02͞02  397-0  No  0  8  0404  2  3  0 or 1  Unknown  0301͞0401  01͞01  281-0  No  0  8  0403  2  3  1  DQ8  0401͞0401  02͞03  759-0  No  0  8  0407  2  3  1  DQ2  0301͞0402  01͞33  767-0  No  0  8  0407  2  3  1  DQ2  0401͞0401  02͞68  321-0  No  0  8  0408  2  3  1  DQ8  1301͞1501  01͞03  538-0  No  0  8  0401  2  3  0  Neither  0101͞0201  02͞03 Abbreviations: T1D, type 1A diabetes; Positive AutoAb, positive islet autoantibodies; # Shared, number of haplotypes shared between siblings.
The higher risk in children that share both HLA haplotypes with their diabetic siblings also suggests that the susceptibility allele or alleles may be inherited in a recessive manner (33) . Regardless of the model of inheritance, it is likely that HLA-DR3-DQ2 and -DR4-DQ8 haplotypes shared by descent between affected siblings contain a higher proportion of high-risk alleles than HLA-DR3-DQ2 and -DR4-DQ8 haplotypes not shared by descent. We believe that the search for additional polymorphisms contributing to young-onset anti-islet autoimmunity should concentrate on detailed analysis of genes within or linked to the MHC.
It may be much easier to prevent anti-islet autoimmunity than to prevent progression to diabetes once anti-islet autoimmunity is initiated, as indicated by studies of animal models (34) . Infants and children who have the highest genetic risk for diabetes as defined by this study are a major group that may now be considered for initial clinical trials to prevent childhood diabetes before the development of anti-islet autoantibodies.
Methods
Population. DAISY is a prospective study in which blood samples from Ͼ33,000 young first-degree relatives of patients with T1D and general population newborns were obtained with informed parental consent and institutional review board oversight at the University of Colorado Health Sciences Center (27, 35) . Survival curves in this article are based on prospective follow-up of both siblings and general population newborns from birth.
First-degree relatives (n ϭ 1,058) and a subset of the general population children (n ϭ 1,411) were followed prospectively for the development of anti-islet autoantibodies. Of children enrolled for follow-up, 49 full siblings and 51 offspring of T1D relatives and 398 general population children carried the highestrisk HLA-DR3͞4-DQ8 genotype. The DAISY study also enrolled 319 non-HLA-DR3͞4-DQ8 siblings of T1D relatives. Insulin, GAD65, and IA-2 autoantibody levels were measured at follow-up visits at 9, 15, and 24 months of age and annually thereafter in children with normal autoantibody levels (27) . We obtained and analyzed parental, proband, and sibling DNA from 48 families of the 49 DR3͞4-DQ8 siblings of patients with T1D to directly determine the number of HLA haplotypes shared identical by descent between siblings.
To further test the influence of haplotype sharing for DR3͞ 4-DQ8 siblings, we analyzed available data from families of the Human Biological Data Interchange collection. From 273 families, we identified 73 DR 3͞4-DQ8 siblings of diabetic proband children. The number of DR3͞4-DQ8 children with diabetes sharing both haplotypes with their diabetic proband siblings (n ϭ 42) was compared with those sharing zero or one haplotypes (n ϭ 31).
of individuals who developed persistent anti-islet autoantibodies and diabetes in the DR3͞4-DQ8 siblings who shared both haplotypes versus those who did not share both haplotypes. The Fisher two-sided exact test was also used to evaluate data for uneven distribution of DRB1*04 subtypes, HLA-DP alleles, HLA-A alleles, and HLA-B alleles, and for risk associated with the insulin and PTPN22 loci in the DAISY siblings being studied. The alpha level for significance for the Fisher exact test was set at 0.05.
Cox proportional hazards regression analysis was performed on the DAISY sibling data with HLA haplotype sharing, maternal age at delivery, gender, and age at diagnosis of the proband as predictor variables. The likelihood ratio statistic was used to test the significance of the variables with an alpha level of significance set at 0.05.
